Objective: To monitor coagulation function in patients with intracerebral haemorrhage (ICH) using calibrated automated thrombography. Methods: Patients admitted to hospital with ICH (confirmed within 18 h of symptom onset) were enrolled. Patient history and blood samples were obtained within 6 h of admission; further blood samples were collected on days 4, 8 and 15 (or on discharge between days 9-15: grouped with day 15 data). Blood samples were also collected from age-and sex-matched healthy controls. All samples underwent calibrated automated thrombography. Results: At admission, thrombin lag time and time to peak was longer, and endogenous thrombin potential and peak height were lower, in patients with ICH (n ¼ 20) than in healthy controls (n ¼ 29). Lag time in patients with ICH gradually decreased, but remained significantly longer than in controls until day 8. Time to peak also gradually decreased, but remained longer in patients than in controls by day 15. Endogenous thrombin potential and peak height gradually increased in patients, but remained lower than in controls on day 15. Conclusions: Patients with ICH have poorer coagulation function than healthy individuals, but this function gradually recovers during hospitalization.
Introduction
Intracerebral haemorrhage (ICH) is a common type of stroke. [1] [2] [3] In patients with ICH, coagulation, anticoagulation and fibrinolysis are disrupted, which triggers a series of reactions to restore balance in the body. 4 With increase in bleeding and exacerbation of ICH, prothrombin time, activated partial thromboplastin time and thrombin time all increase. 5 Conventional coagulation tests (e.g. prothrombin time and activated partial thromboplastin time) evaluate the initial stage of clot formation, which only reflects a small part of the coagulation process, as >95% of thrombin is formed after the initial stage. 6 Calibrated automated thrombography is the only test that can evaluate the entire coagulation process. 7 In calibrated automated thrombography, the area under the thrombin-generation curve, which represents endogenous thrombin potential, 8 is calculated, and this test can monitor thrombin generation in real time. 9 In the present study, the course of coagulation function in patients with ICH was investigated using calibrated automated thrombography.
Patients and methods

Study population
Patients with spontaneous ICH who were treated at the Department of Neurology, Mancheng County Hospital, China between February 2014 and May 2014, were sequentially enrolled into the present study. Inclusion criteria comprised spontaneous ICH confirmed by computed tomography within 18 h of symptom onset, no history of coagulation disorders and no history of taking any drugs affecting coagulation functions within the previous week. One or two age-(AE11 years) and sex-matched healthy control subjects recruited from the local population (Beijing or HeBei) were enrolled per patient included in the study.
The study was approved by the ethics committee of Mancheng County Hospital. All patients, or their legal proxies, and all control subjects provided written informed consent before study enrolment.
Data and sample collection
A detailed history was obtained from patients or their legal proxies, and general clinical data were recorded within 6 h of hospital admission. In all patients, blood samples (5 ml) were collected from the median cubital vein into tubes containing 129 mM trisodium citrate (to give a 1:9 [v/ v] final ratio), within 6 h of hospital admission and on days 4, 8 and 15 (or on discharge between days 9-15: grouped with day 15 data). Patients' neurological scores (comprising Modified Rankin Scale; National Institute of Health Stroke Scale; Glasgow Outcome Scale; and Glasgow Coma Scale) were also collected at these timepoints. Blood samples were collected from the control subjects.
The calibrated automated thrombography measurements were performed as described previously. 10 Briefly, all blood samples were centrifuged twice at 2500 g for 15 min at room temperature to obtain platelet-free plasma supernatant, which was analysed within 2 h, or stored at -80 C if not tested immediately. For every sample, 80 ml of the platelet-free plasma was transferred into each of three wells of a 96-well microplate (Immulon 2HB; Dynex Technologies, Chantilly, VA, USA), then 20 ml of a mixture of tissue factor (5 pmol/l) and phospholipids (4.0 mmol/l PPP reagent; Stago, Asnie`res sur Seine, France) were added to each well. For every sample, 80 ml of platelet-free plasma was transferred into a further three wells and 20 ml of thrombin calibrator, France) was added instead of tissue factor. Microplates were inserted into a Fluoroskan Ascent TM FL plate reader (Thermolab Systems, Helsinki, Finland), and preheated at 37 C for 5 min. Experiments were initiated by automatically adding 20 ml of fluorescent substrate and fluorescent buffer (FLUCA KIT; Stago). After plates were shaken for 10 s, the fluorescence generated was measured in real time. Fluorescence intensity readings were used to produce thrombin generation curves with Thrombinoscope TM software, version 3.0.0.29 (Thrombinoscope BV, Maastricht, The Netherlands).
Calibrated automated thrombography
Calibrated automated thrombography included the following parameters for analyses: (1) lag time, time from the beginning of the reaction to the beginning of thrombin generation; (2) peak height, maximum amount of thrombin; (3) time to peak, time from the beginning of the reaction to peak height; (4) endogenous thrombin potential, area under the thrombin-generation curve, reflecting the total amount of thrombin generated during the test.
Statistical analyses
Measurement data are presented as mean AE SD and all data were processed using SPSS Õ , version 13.0 (SPSS Inc., Chicago, IL, USA). Differences in haematological indices between the patient group (at admission) and the control group were analysed using Student's t-test. Continuous variables were analysed for normality and homogeneity of variance using Kolmorogov-Smirnov test. Analysis of variance (ANOVA) was used to compare the means of multiple data groups that were normally distributed. Fisher's least significant difference test was then used for oneone comparison of the data, to analyse which groups were different from which. A value of P < 0.05 was considered statistically significant.
Results
A total of 20 patients with ICH and 29 healthy controls were included in the present study. For all patients included, ICH was confirmed within 5 h of symptom onset. The mean age of the patient group was 59.1 AE 9.4 years (12 male patients, mean age, 60.2 AE 8.8 years and eight female patients (mean age, 57.4 AE 10.6 years). The control group comprised 13 male subjects (mean age, 57.8 AE 14.2 years) and 16 female subjects (mean age, 60.8 AE 10.5 years). There were no statistically significant between-group differences in terms of age or sex. All 20 patients with ICH had a history of hypertension and three of the 20 patients had a history of coronary heart disease. Haematological indices of the ICH and control groups were found to be within normal parameters ( Table 1 ). The neurological scores of patients with ICH, at admission to hospital, are shown in Table 2 , and the trends in neurological scores in patients with ICH at days 4, 8 and 15 (or discharge between days 9-15: grouped with day 15 data) are shown in Figure 1 .
Thrombin lag time
In terms of thrombin lag time, significant differences were found between patients with ICH during hospitalization and healthy controls (P < 0.05; one-way ANOVA). One-one analyses of the different time groups using Fisher's least significant difference test showed that thrombin lag time in the control group significantly differed from the ICH group on day 1 (admission), and days 4 and 8 (P < 0.001, P ¼ 0.004 and P ¼ 0.032, respectively), however, there was no significant difference between lag time in the control group and in patients with ICH on day 15 (or discharge between days 9-15: grouped with day 15 data). Fisher's least significant difference test also showed that in the ICH group, thrombin lag time on day 1 (admission) was significantly longer than on day 15 (or discharge between days 9-15: grouped with day 15 data; P ¼ 0.022). Thrombin lag time in patients with ICH gradually decreased during hospitalization, but remained longer than in healthy controls up to day 8 (P < 0.05, Fisher's least significant difference test; Table 3 ).
Endogenous thrombin potential
In terms of endogenous thrombin potential, significant differences were found between patients with ICH during hospitalization and healthy controls (P < 0.05; one-way ANOVA). Fisher's least significant difference test showed that endogenous thrombin potential in the control group was significantly different from the ICH group on days 1, 4 and 8 (all P < 0.001). Within the ICH group, endogenous thrombin potential on day 1 was significantly different from endogenous thrombin potential on days 4, 8 and 15 (or discharge between days 9-15: grouped with day 15 data; P ¼ 0.001, P < 0.001 and P < 0.001, respectively). In addition, endogenous thrombin potential on day 15 (or discharge) was significantly different from day 4 (P < 0.001) and day 8 (P ¼ 0.001). In patients with ICH, endogenous thrombin potential gradually increased during hospitalization, but remained lower than in healthy controls before day 15 (or discharge between days 9-15: grouped with day 15 data; Table 3 ).
Thrombin peak height
Significant differences were found between patients with ICH during hospitalization and healthy controls in terms of thrombin peak height (P < 0.05; one-way ANOVA). One-one analyses of the different time groups using Fisher's least significant difference test showed that the peak height in the control group was significantly higher than in the ICH group on days 1, 4 and 8 and 15 (or discharge between days 9-15: grouped with day 15 data; all P < 0.001). Within the ICH group, the peak height on day 1 was significantly different from peak heights on days 4, 8 and 15 (P ¼ 0.004, P < 0.001 and P < 0.001, respectively). In addition, the peak height on day 15 differed from that on days 4 (P ¼ 0.001) and 8 (P ¼ 0.017). Peak height was lower in patients with ICH compared with healthy controls. Peak height gradually increased during hospitalization, but on day 15 (or discharge between days 9-15: grouped with day 15 data), remained lower than the control-group value ( Table 3) .
Thrombin time to peak
One-way ANOVA revealed significant differences in time to peak values between patients with ICH during hospitalization and controls (P < 0.05). Fisher's least significant difference test showed that time to peak values in the control group were significantly different from patients with ICH on day 1 (admission) and days 4, 8 and 15 (or discharge between days 9-15: grouped with day 15 data; P < 0.001, P < 0.001, P < 0.001, and P ¼ 0.007, respectively). In patients with ICH, time to peak on day 1 (admission) was significantly different from days 4, 8 and 15 (P ¼ 0.003, P ¼ 0.001 and P < 0.001, respectively). Thrombin time to peak was longer in patients with ICH ICH, intracerebral haemorrhage; Lag time, time from beginning of reaction to beginning of thrombin generation; ETP, endogenous thrombin potential, area under the thrombingeneration curve (total amount of thrombin generated during the test); Thrombin peak, peak thrombin generation; ttPeak, time to peak thrombin generation, ANOVA, analysis of variance.
than in healthy controls. The time to peak value gradually decreased during hospitalization, but on day 15 (or discharge between days 9-15: grouped with day 15 data), remained longer than the control-group value ( Table 3 ).
Discussion
Studies have shown that within 24 h following ICH, there is a compensatory increase in secondary fibrinolysis, and the resulting decrease in coagulation function is a risk factor for adverse outcomes in patients with acute ICH. 4, 11 Oedema is known to contribute to poor outcomes following spontaneous ICH, 12 and oedema within 24 h following ICH is significantly correlated with the volume of bleeding and platelet count following ICH. 4, 11 Factors released from activated platelets at the site of haemorrhage (such as vascular endothelial growth factor), may interact with thrombin to increase vascular permeability and contribute to the development of oedema. 4 In a meta-analysis of patients with spontaneous ICH, haematoma growth was an independent contributing factor of mortality and poor outcome following ICH. 13 One study found that fibrinogen levels, antithrombin III and a2antiplasmin activity, and platelet counts, were significantly lower in patients with haematoma growth than in those with no growth, and found a particularly high likelihood of haematoma enlargement in patients with low fibrinogen levels. 14 Thus, monitoring coagulation function may be an effective measure for predicting outcomes in patients with ICH. 4, 11 Coagulation is initiated by the extrinsic pathway interaction of tissue factor (exposed by vascular injury) with plasma factor VIIa, which, in turn, activates factor IX and factor X, resulting in the formation of small amounts of thrombin. Thrombin then primes the intrinsic pathway, resulting in the rapid generation of thrombin, which acts on fibrinogen to form the fibrin clot. These reactions take place on phospholipid surfaces, usually the activated platelet surface. [15] [16] [17] Physiological downregulation of the coagulation and fibrinolytic systems is shown in Figure 2 ; these processes have been described in detail, 17 with CAT being the only test that can evaluate the entire coagulation process. 7 Studies involving the monitoring of coagulation function have traditionally focused on prothrombin time, activated partial thromboplastin time, international normalized ratio, whole blood clotting time and other conventional coagulation indices that evaluate coagulation function on the basis of the time required for fibrin clot formation. 18, 19 When <5% of the total thrombin generated during coagulation has been produced, the conversion of fibrinogen to fibrin begins, initiating blood clot formation. This is the endpoint of tests for prothrombin time and activated partial thromboplastin time, and consequently, such tests can only evaluate the beginning of the coagulation process. Over 95% of thrombin is generated after this initial coagulation phase. 6, 20 Much information about coagulation function is lost if coagulation time is used as the test index, because most thrombin generation occurs after blood clot formation. Thrombin is central to the mechanisms of haemostasis and thrombosis, in that scores of factors influence thrombin formation, thrombin itself has numerous actions on blood and vessel components, and no pathways bypass thrombin. Thrombin generation, therefore, reflects much -if not all -of the thrombotichaemostatic functions of blood. 9 The catalytic effects of thrombin, and thrombin formation ability, determine the capacity of coagulation. Measurement of thrombin generation, in particular, the enzymatic catalysis of thrombin, provides a quantitative method for evaluating coagulation function comprehensively. Many methods for evaluating coagulation function through thrombin detection have been developed. [21] [22] [23] [24] [25] [26] Thrombin generated during coagulation is neutralized by antithrombin as soon as thrombin is activated, making direct detection of thrombin very difficult. Specific coagulation markers are generated to activate the process of thrombin generation, and the majority of thrombin-detection methods indirectly measure thrombin levels by detecting intermediate-stage factors in plasma, such as prothrombin fragment 1 þ 2, fibrinopeptide A, soluble fibrin monomer complex and thrombin-antithrombin complex. [21] [22] [23] [24] [25] [26] The method used in the present study detects thrombin directly through the examination of a fluorescent substrate. 9 The present study showed that patients with ICH had poor coagulation function at admission to hospital, but that this recovered during hospitalization. By day 15 (or discharge between days 9-15), coagulation function remained inferior in patients with ICH compared with healthy controls, but had almost returned to normal. To the authors' knowledge, the present study is the first to demonstrate hypocoagulability using calibrated automated thrombography in patients with ICH.
Treatment with recombinant factor VIIa within 4 h following onset of ICH may limit the growth of haematoma and reduce Figure 2 . The process of coagulation, evaluated using calibrated automated thrombography (CAT). PTT, partial thromboplastin time; PT, prothrombin time; TF, tissue factor; PF3, platelet factor 3; FDPs, fibrin/ fibrinogen degradation products; TFPI, tissue factor pathway inhibitor. mortality, despite a small increase in the frequency of thromboembolic adverse events. [27] [28] [29] The computed tomography angiography spot sign is a predictor of haematoma expansion, and the spot sign is recommended as an entry criterion for future trials of haemostatic therapy in patients with acute ICH. 30 Use of calibrated automated thrombography to monitor coagulation function during treatment in patients with ICH may increase in future, due to its advantages over traditional tests such as prothrombin time and activated partial thromboplastin time. To the authors' knowledge, the present study provides the first published evidence of the efficacy of calibrated automated thrombography in monitoring coagulation function in patients with ICH. Future studies should investigate the parameters of calibrated automated thrombography in patients with ICH and haematoma enlargement.
The present study is limited by the fact that none of the patients developed haematoma enlargement, so the conclusions are only applicable to patients with ICH without haematoma enlargement. In addition, the sample size was relatively small, and future studies with larger sample sizes are required to validate the present results.
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